Laboratory diagnosis of influenza is critical to its treatment and surveillance. With the emergence of novel and highly pathogenic avian influenza viruses, the role of the laboratory has been further extended to include isolation and subtyping of the virus to monitor its appearance and facilitate appropriate vaccine development. Recent progress in enhancing testing for influenza promises to both improve the management of patients with influenza and decrease associated health care costs. The present review covers the technological characteristics and utilization features of currently available diagnostic tests, the factors that influence the selection of such tests, and the developments that are essential for pandemic preparedness.
ratory illness (H5N1), conjunctivitis (H7N7 and H7N3), and common influenza-like symptoms (H9N2) [3] . The potential for both common and novel subtypes to cause infection in humans underscores the importance of establishing a definitive laboratory diagnosis of influenza.
the injudicious use of antibacterials, implement appropriate infection-control measures, decrease the duration of hospitalization, reduce ancillary testing, and decrease health care costs [6] [7] [8] . The present review describes the technological characteristics and utilization features of currently available diagnostic tests for influenza, with emphasis given to the use of such tests in the appropriate clinical context.
CURRENT DIAGNOSTIC TESTING OPTIONS
Laboratory diagnosis of influenza can be accomplished by the detection of (1) the virus or (2) the patient's immune response to the virus. Diagnostic approaches for the identification of the virus include viral isolation, detection of viral antigen by immunospecific assays, such as immunofluorescence microscopy, point-of-care (POC) testing (e.g., EIA or optical immunoassay), and detection of viral nucleic acid by use of amplification techniques (i.e., nucleic acid testing [NAT] ). Antibody detection is usually accomplished by virus neutralization (virus NT) and hemagglutination inhibition (HI) tests conducted to monitor seroconversion to a specific virus strain or to determine immune status, for example, after vaccination [3, 9, 10] .
Because laboratory tests for the diagnosis of influenza have limitations that can produce misleading results, their findings should be interpreted in conjunction with the clinical history of the patient. False-negative findings may occur because of low quantities of the viral analyte; inappropriately collected, handled, and/or transported specimens; the presence of viral inhibitors; and the emergence of novel subtypes for which the tests are not sensitive or specific. False-positive laboratory findings can result from laboratory error, both clerical and operational, and from suboptimal specificity of the test in question. Table 1 summarizes the advantages and disadvantages of individual tests.
Rapid Antigen (POC) Tests
Diagnosis of influenza by EIA has led to the development of easy-to-use, self-contained diagnostic kits that can provide results well within 1 h of the time of specimen collection. The World Health Organization has issued recommendations for the use of such kits [24] . Approval for some of these assays has been waived by the Clinical Laboratory Improvement Amendment, allowing for their use outside certified laboratories in POC settings. On-site diagnosis of influenza by POC tests has been shown to limit antimicrobial administration, requests for blood culture, and the use of chest radiography, and it ultimately has been shown to reduce patient costs [8] . Currently, most POC tests distinguish influenza A virus from influenza B virus, but their role in the identification of avian influenza virus subtypes is unclear, because most claims of detection of novel subtypes have yet to be confirmed in clinical studies. Table 2 describes the characteristics of representative POC tests.
The types of specimens used for POC testing, in decreasing order of sensitivity, are nasopharyngeal aspirates, nasopharyngeal swabs/washes, and throat swabs. The timing of specimen collection in relation to the onset of symptoms influences specimen sensitivity. Optimal sensitivity is achieved when specimens are collected within the first few days of illness, because viral shedding peaks within 48 h of the onset of symptoms, with children having the highest viral titers for the longest duration. In general, POC tests are contraindicated for patients who have had symptoms for 13 days.
Overall, POC tests vary greatly in their sensitivity and specificity. The reported ranges of sensitivity (57%-90%) and specificity (65%-99%) are influenced by the study population, the type of specimen, and the time of collection after presentation [39] . Detection of influenza after recent immunization with live attenuated viral vaccine, such as FluMist (MedImmune Vaccines), can confound a diagnosis [11] . Direct comparison of the sensitivity and specificity of multiple POC tests is challenging, because evaluations have been performed under variable conditions. Because the overall sensitivity of POC tests is lower than the overall sensitivities of immunofluorescence microscopy and isolation in cell culture, it is important that physicians who use POC tests have access to a reference laboratory to resolve ambiguous results and to ensure quality [5] . The clinical usefulness of these tests is associated with their positive and negative predictive values and is greatest during the peak influenza season, when false-positive results are less likely and the positive predictive value is high. Patients with a high pretest probability of infection and a negative POC result should undergo further laboratory testing. When influenza activity is low, false-positive results are likely, the positive predictive value is low, and the negative predictive value is high. Outside of the influenza season, POC tests must be used with caution, and their results must be confirmed by other tests [40, 41] .
Immunofluorescence Microscopy
Detection of influenza virus by immunofluorescence microscopy, which is referred to as a "direct fluorescent antibody" (DFA) test or an "immunofluorescent antibody" (IFA) test, was first developed in the 1960s, and it remains a valuable method, despite its relatively extensive infrastructure requirements [13] . The DFA technology involves deposition of respiratory epithelial cells onto a welled slide, followed by staining with specific antibodies directly conjugated to a fluorescent dye. After drying and fixation, a monoclonal antibody conjugate is applied to slide wells and is incubated and washed before examination by fluorescence microscopy. Its sensitivity and specificity rely on the presence of an adequate number of infected cells, and they can vary according to specimen type. IFA technology involves CLIA waived; may be performed in an office that requires waiver or certification [5] QuickVue influenza test A&B (Quidel) staining dried, fixed cells with a monoclonal antibody to the respective viruses and then with an antibody conjugate to a mouse immunoglobulin. IFA provides greater consistency when testing for multiple respiratory viruses is done, because only a single conjugate is used, regardless of the number of virusspecific monoclonal antibodies used. IFA usually is more sensitive than DFA, but the latter is more popular because of its shorter turnaround time, and both tests allow simultaneous detection of other respiratory viruses (e.g., respiratory syncytial virus, parainfluenza virus, and adenovirus) [14] . However, the ability of commercial monoclonal antibodies to detect avian influenza virus subtypes has not been well described, and they cannot be recommended at this time. Although not commercially available, monoclonal antibodies specific for H1, H3, H5, and H7 can be obtained and will prove to be invaluable for subtype identification when multiple H subtypes are cocirculating [42] . Overall, DFA is a valuable diagnostic test for influenza because it provides fast, relatively accurate results and it is an excellent choice for confirming POC test findings.
Virus Isolation: Culture Techniques
Influenza virus was first isolated in 1933, by inoculation of specimens into the amniotic cavity of 10-12-day-old embryonated chicken eggs. Although high yields of virus can be harvested after 3 days of incubation, this approach is no longer routinely used in the diagnosis of influenza. It is, however, used by reference laboratories to achieve a high sensitivity for detection and to obtain high-titer virus stocks [1] . Conventional culture. The time-honored technique of conventional culture, introduced in the 1940s, involves inoculation of the patient specimen into a cell culture that is then monitored for the development of cytopathic effect, for manifestation of hemadsorption after the addition of erythrocytes, or for the presence of influenza antigen, as demonstrated by specific antibody staining, shown in figure 1B and 1C, figure  2A, and figure 3 , respectively. The development of cytopathic effect, however, can be caused by a number of respiratory viruses, and the cytopathic-effect characteristic of influenza may not always be observed in infected cell lines; hence, viral infection must be confirmed by immunofluorescence microscopy or by hemadsorption performed using guinea pig erythrocytes [17] . Immunofluorescence microscopy is also used to identify the isolated virus as influenza A or B virus [17] . Virus isolation is effective only if the cell culture system is sensitive to the inoculated virus, and not all host cells are universally permissive to all influenza A viruses [16] . Isolation of influenza A and B [43, 44] .
Rapid shell vial culture. Shell vial culture uses single or mixed cell lines and has the unique feature of enhancing sensitivity and shortening the time to detection through enhancing the viral infectivity of the cells by centrifugation. Detection of other respiratory viruses can be facilitated by using monolayers of 2 different cell types in a single vial (e.g., R-Mix). Diagnosis by shell vial culture is more rapid than diagnosis by conventional culture (time to diagnosis, 24 h vs. 13 days), with sensitivity equivalent to that of conventional tube cultures and greater than that of DFA [18] [19] [20] . Although cell lines used for seasonal influenza also support the growth of highly pathogenic avian influenza viruses, isolation of these viruses is restricted to appropriately certified biosafety level 3 (BSL-3) laboratories. Figure 1 shows the presence and absence of cytopathic effect in MDCK cell cultures; figure 2, the presence and absence of hemadsorption in RhMK cells; and figure 3, positive fluorescent staining for influenza virus in R-Mix culture.
NAT
The most common NAT used for the diagnosis of influenza is the reverse-transcription polymerase chain reaction (RT-PCR) assay, but nucleic acid sequence-based amplification has been used effectively as well. These are considered to be the most sensitive, specific, and versatile tests for the diagnosis of influenza and are replacing viral isolation as the reference standard [15] . Once viral RNA is extracted from the specimen, it can be used in RT-PCR not only to identify the virus as influenza but, also, to further determine the subtype and even the strain by sequence analysis. The viral genotype can be readily determined by sequencing some or all of the viral genes, although genotyping of the virus directly from patient specimens often requires some level of amplification in cell culture. Most RT-PCR assays for influenza A and B viruses use primers complementary to the relatively stable gene 7, which encodes the conserved matrix protein, and can successfully detect all viral strains observed to date [16] . HA-specific RT-PCR with primers targeting gene 4 allows identification of the H subtype of influenza A virus.
Compared with isolation in cell culture, sensitive PCR assays can more readily identify influenza viruses in immunosuppressed transplant recipients and persons with chronic lung diseases for whom frequent lower respiratory tract infections are often associated with low viral levels. Rapid, accurate identification of respiratory pathogens in these vulnerable populations is critical to timely treatment and limitation of the nosocomial spread of infection [45] .
Serological Testing for Influenza
Serological tests, including virus NT, HI, complement fixation, EIA, and indirect immunofluorescence microscopy, are based on the presence of influenza-specific antibodies that first appear ∼2 weeks after initial infection and that reach peak levels 4-7 weeks after initial infection. These tests are not widely available and are rarely used for patient management, but they may be indicated for retrospective diagnosis of and disease surveillance for novel subtypes [2] . A у4-fold increase in the influenza antibody titers noted between the acute-phase and convalescent-phase (3-4 weeks after initial infection) serum samples obtained from patients is diagnostic of infection. In adults who have sustained multiple influenza virus infections, increases in the strain-specific antibody titer must be interpreted with caution, because a response to the infecting virus strain may be accompanied by parallel responses to previously encountered strains [46] . However, in patients infected with a novel subtype, detection of its specific antibody is diagnostic. Finally, serological testing allows for quantification of responses to influenza vaccination, even though those responses often are not as robust as those resulting from virus infection [22] .
Virus NT. The NT is the definitive serological method of identifying a specific strain of influenza virus or antibody to this virus, and it is particularly useful for the identification of highly pathogenic avian influenza viruses [42] . Because the test involves the use of infectious virus, its use is restricted to appropriately certified BSL-3 laboratories when these avian viruses are handled. In this assay, 100 infectious units of test virus are added to serial dilutions of the serum, and, after incubation, the mixtures are applied to respective cell monolayers, which are then monitored for cytopathic effect. As the antibody becomes diluted below the level of protection, viral growth becomes detectable [21, 47] .
HI assays. These are labor-intensive and time-consuming assays that require several controls for standardization. Their advantages include inexpensive, readily available reagents; sensitivity greater than that associated with complement fixation; and high specificity in identifying strains [48] . HI is used to determine the immune response to influenza in surveillance and vaccine studies [10, 22] . The technology involves the addition of 4 hemagglutinating units of virus to serial dilutions of serum; incubation; and, finally, the addition of washed chicken, turkey, human, or guinea pig erythrocytes to each dilution [47] . The highest dilution of serum that inhibits hemagglutination is designated as the HI titer. HI may not be as sensitive as NT for the detection of an immune response to avian influenza viruses, but reference laboratories have reported enhanced sensitivity with horse erythrocytes [49] . When the isolates are typed, the reference antisera to a number of strains must be included, because strains may differ by only one or more epitopes. The reference antiserum with the highest HI titer identifies the strain of the isolate [17] . Titers of at least 1: 40 or serum neutralizing titers of у1:8 have been associated with protection.
Complement fixation. This test measures the antibody response to nucleoprotein, conserved among influenza A virus strains [17] . It has been mostly supplanted by more time-efficient EIAs, for which reagents are more readily available [10] .
EIA. EIA is used largely for investigational studies, although EIA and Western blot analysis have been shown to be effective in detecting an immune response to avian influenza in children [17, 23] . Testing for antibody to influenza by use of these typespecific approaches is performed mainly by in-house assay, because commercial kits have yet to be well validated. Agematched negative control serum samples, which may be difficult to locate, are necessary to establish the appropriate signalto-noise ratio.
FACTORS INFLUENCING THE SELECTION OF TESTS
Test selection is governed by multiple factors outlined in table 3. The size and capacity of the laboratory have a major impact. Small laboratories associated with physician offices or small hospitals are usually restricted to the use of rapid POC tests, which require minimal infrastructure and can be performed by staff with limited knowledge of virology. Their comparatively high cost per test is compensated by low infrastructure expenses. Despite the seeming simplicity of Clinical Laboratory Improvement Amendment-waived testing, health care personnel must be vigilant about good laboratory practices, undergo adequate training, have access to quality control testing, and be appropriately supervised [41] .
Large hospital and reference laboratories that are staffed with trained technologists have many options for influenza testing, including the use of POC tests. DFA, with its higher sensitivity and potentially lower associated cost per test, is often most appropriate in these settings. Isolation in cell culture is generally used as a reflex test after a negative DFA result, as a confirmatory test for quality assurance, or to amplify the virus for additional subtyping or resistance testing. The HI test may be used to monitor seroconversion and to subtype viral isolates. Increasingly, large laboratories are adopting nucleic acid-based technologies for the diagnosis of influenza and infection with other respiratory pathogens. Its implementation requires complex, expensive infrastructure; highly trained technologists; and space that minimizes amplicon contamination. Simpler and less expensive platforms for the nucleic acid-based diagnosis of influenza are currently under development.
INFLUENZA TESTING DURING A PANDEMIC: LABORATORY DEMANDS AND ANTIVIRAL SUSCEPTIBILITY TESTING
Laboratory demands for influenza testing will most likely increase substantially in the prepandemic stages and be compounded in early pandemic stages by the need for appropriately certified BSL-3 laboratory facilities. In pandemics, rapid diagnosis requires adequate surge capacity. NAT, accompanied by high-volume automated nucleic acid extraction, can be scaled up without a proportional demand on the technologist's time. More important, the RT-PCR assay can be used initially to detect all influenza viruses and subsequently can be reflexed to a more specific RT-PCR assay with HA-specific primers for the identification of a pandemic strain. Last, NAT is the least likely approach to be adversely affected by supply problems in the event of increased demands during a pandemic; except for primers and probes, virtually all reagents have broad applications and are readily available.
The maximum burden on the laboratory is likely to occur during pandemic stage 4, when the virus has evolved to allow human-to-human transmission but its clinical profile is not yet well established. During this stage, clinicians will likely rely heavily on laboratories to rule out avian influenza viruses in patients presenting with respiratory symptoms, especially during the winter months, when seasonal epidemic influenza virus strains are cocirculating. Under these circumstances, the laboratory will not have a strong basis for triage and, hence, will be required to process increasing numbers of specimens.
Demands for laboratory testing and testing algorithms may change as the pandemic evolves. Possible testing algorithms for early-and late-stage pandemic periods are shown in figure 4. Physicians will likely rely less on laboratory diagnosis as the unique clinical features of infection with the pandemic strain become apparent. However, there may be an increase in the demand for serological confirmation of influenza and evidence of immunity, as well as for testing for resistance to antiviral drugs, such as M2 and the NA inhibitors. As the pandemic progresses, documentation of immunity from a mild form of infection could be used to determine the need for antiviral drugs for individuals, such as medical personnel, who are working under a high risk of infection and are vital to the delivery of health care.
The susceptibility of a virus isolate to antiviral agents can be established by genotypic and phenotypic testing [52] . Testing for resistance to amantadine is currently accomplished by sequence analysis of the M2 open reading frame. Specific mutations in the NA gene have been shown to correlate with resistance to oseltamivir [52] . Although this approach can be applied to determine resistance to NA inhibitors, conventional inhibition assays in cell culture remain necessary, because knowledge of mutations leading to this resistance remains incomplete. The chemiluminescent NA enzyme assay is currently being used to monitor the appearance of clinical isolates that are resistant to zanamivir and oseltamivir [53] . However, comprehensive testing for antiviral resistance by use of inhibition of virus growth will likely be restricted to appropriately certified BSL-3 laboratories. Finally, assessment of the response to an NA inhibitor in very ill patients may be possible by determining the decrease in the viral load within days after initiation of treatment [52] .
FUTURE DEVELOPMENT OF DIAGNOSTIC TESTS FOR INFLUENZA
Although our current diagnostic technologies are reasonably effective for sporadic and epidemic influenza, new developments are in progress to enhance diagnostic capability. Two new promising developments include technologies based on microarray chips and the Luminex X-Map. These methods are based on amplification of the viral genomic nucleic acid after hybridization to target probes, followed by monitoring by an automated reader [53, 54] . Other new developments will most likely include more sensitive and more specific POC tests, which would provide real-time laboratory diagnosis in clinical practice, improving the management of both sporadic cases and institutional outbreaks.
In the future, applications of microarray technologies will be expanded for NATs, providing same-day results for most respiratory viruses in larger laboratory settings [55] . The increasing use of genome sequence analysis is expected to allow more-rapid detection of new strains, which is critical both for viral surveillance and for the vaccination-development program. If POC tests can be developed to diagnose novel subtypes, they will play an important role in a pandemic setting. These new developments promise to improve the management of sporadic and epidemic influenza in both individual patients and communities, as well as to address the need for highvolume testing in the event of a pandemic.
